We report measurements of transfer functions and flux shifts of 20 on-chip high TC DC SQUIDs half of which were made purposely geometrically asymmetric. All of these SQUIDs were fabricated using standard high TC thin film technology and they were single layer ones, having 140 nm thickness of YBa2Cu3O7−x film deposited by laser ablation onto MgO bicrystal substrates with 24 0 misorientation angle. For every SQUID the parameters of its intrinsic asymmetry, i. e., the density of critical current and resistivity of every junction, were measured directly and independently. We showed that the main reason for the on-chip spreading of SQUIDs' voltage-current and voltage-flux characteristics was the intrinsic asymmetry. We found that for SQUIDs with a relative large inductance (L > 120 pH) both the voltage modulation and the transfer function were not very sensitive to the junctions asymmetry, whereas SQUIDs with smaller inductance (L ≃ 65 − 75 pH) were more sensitive. The results obtained in the paper are important for the implementation in the sensitive instruments based on high TC SQUID arrays and gratings.
I. INTRODUCTION
The high-transition-temperature superconducting quantum interference devices (high-T C DC SQUIDs) each consisting of two bicrystal Josephson junctions are key elements for many sensitive instruments such as extremely low noise magnetometers 1,2,3 , the series-and parallel-SQUID arrays 4, 5 , the superconducting quantum interference grating 6, 7 , etc. However, the further developments of these devices are limited by significant on chip spreading in the critical current and normal resistance of high T C Josephson junctions which seems to be unavoidable for grain-boundary junctions. 8, 9, 10, 11, 12 . The different values of critical current and normal resistance of two Josephson junctions result in turn in the vast spreading of the output voltage-current (VCC) and voltage flux (VFC) characteristics for on chip high T C DC SQUIDs 13, 14, 15 . The influence of the junction asymmetry on the output characteristics of high T C DC SQUIDs has been analyzed in 16, 17, 18, 19, 20 , where it was shown that the transfer function for asymmetric SQUIDs can be substantially differ from that of symmetric SQUIDs.
The extensive comparison of experimental characteristics of intentionally fabricated asymmetric high T C DC SQUID with computer simulations has been performed in 17 , where in most cases a reduction of the voltage-toflux transfer function of the asymmetric SQUID as compared to the symmetric SQUID has been observed.
From the other point the output characteristics of high T C DC SQUIDs can be used to infer the information about the on chip distribution of the critical currents and normal resistances of the Josephson junctions 11, 12 . In known experiments 11, 12, 17 the asymmetry of critical current of two Josephson junctions in DC SQUID loop has been determined indirectly from the measured flux shift of the voltage-flux curve. Since for high T C Josephson junctions the density of critical current and the resistivity of the junction are interrelated, it also influences the value of the last quantity. In addition, as is shown in the paper, this method has a restricted range of validity. That is why, as was noted in 17 , a clear-cut comparison between simulation and experimental data requires the independent experimental determination of the current and resistance asymmetry.
Therefore, the main purpose of our paper is the independent and direct determination of the current and resistance asymmetry and the investigation of the influence of the junctions asymmetry on the scattering over the chip of the main output parameters of DC SQUID, i.e., its voltage modulation, voltage-to-flux transfer function, flux shift.
To this end we investigated 20 purposely made asymmetric high T C DC SQUIDs. For the first time we measured independently and directly the current and resistance asymmetry for every junction in the interferometer loop. We show that the main reason for the junctions asymmetry is the on-chip spreading in the resistivity and the critical current density. Even for a geometrically symmetric design of the interferometer the critical current densities of the two junctions may be substantially different. We found that, in general, both the voltage modulation and the transfer function are not very sensitive to the junctions asymmetry, whereas the flux shift of the VFC shows approximately linear dependance on asymmetry parameters.
The paper is organized as follows. In Section II the current and resistance asymmetry for the junctions of DC SQUID are defined and the analytical expressions for transfer function and flux shift for asymmetric DC SQUID are given. The experimental part of the paper is in detail described in Section III. Section IV is devoted to an extensive analysis of the influence of SQUID asym- 
II. ASYMMETRIC DC SQUID

A. The asymmetry parameters
An asymmetric DC SQUID shown in Fig.1 consists of a superconducting loop of inductance L intersected by two Josephson junctions, which have different critical currents I C1 , I C2 and normal resistances R 1 , R 2 . The capacitances of the two junctions, which are not shown in Fig.1 are assumed to be equal. In order to describe the junctions asymmetry we define the average values of the critical current I C and resistance R, and a current asymmetry γ and a resistance asymmetry ρ as follows:
, where
Note that the SQUID critical current I SQ and its resistance R SQ are being measured directly from the voltagecurrent characteristic of the DC SQUID. There are two different origins of the junction asymmetry: geometrical asymmetry and intrinsic asymmetry 17 . For bicrystal grain boundary junctions geometric asymmetry is associated with the different width w of the junctions. We describe geometric asymmetry by the parameter α g according to w 1 = (1 + α g )w and w 2 = (1 − α g )w, with w = (w 1 + w 2 )/2. The intrinsic asymmetry is associated with different values of the current density j 0 and the resistivity ρ 0 for two junctions. We describe intrinsic asymmetry by the parameters α j and α ρ according to 17 :
The parameters of intrinsic asymmetry α j and α ρ can be obtained from the independent measurements of the parameters of the bulk asymmetry γ, ρ and geometric asymmetry α g 17 :
Since high T C Josephson junctions obey the scaling law
21 , the parameters α j and α ρ are interrelated to each other
B. Output voltage across asymmetric SQUID
In general, the output voltage across asymmetric SQUID is the complicated function of several dimensionless parameters
2 /k B T is the fluctuation inductance which is equal approximately to 100 pH at T=77 K); β = 2LI C /Φ 0 ; Γ = 2πk B T /Φ 0 I C is the noise parameter (k B is Boltzmann constant, T is absolute temperature); ϕ X = πΦ X /Φ 0 (Φ X is the external magnetic flux, Φ 0 is the flux quantum). Three parameters α, β, Γ are not independent, but are subject to the relation α = πβΓ.
There are several properties of the output characteristics of asymmetric SQUIDs which allow one to identify them by experiment 20 . First, in the presence of applied flux the voltage across asymmetric SQUIDs is not an odd function of the bias current, i. e., V (−i) = −V (i). Thus, the quantity V (−i) + V (i) can be used as one of the measure of SQUID asymmetry. It is a periodic function of the applied flux and it depends on the bias current and on the parameters of asymmetry.
The second property which is known for a long time (see, for example, Ref. 22 ) is the shift of the voltage-flux characteristic (VFC) under reversal of the bias current. The shift is commonly attributed to the asymmetry in the critical current of the two junctions:
This property has been widely used for experimental determination of the current asymmetry 11, 12, 17, 23 . However, the expression (6) cannot describe some experimental facts. In particular, it does not depend on the bias current while the experimental flux shift does depend on i. For large inductance DC SQUIDs the picture is more complicated 20 . There is no simple relation between current asymmetry and a flux shift. In addition, asymmetry in resistance contributes also to the total flux shift. The expression for the flux shift under a reversal of the bias current is as follows 20 :
The explicit expression for the quantity Θ which is too cumbersome one can find in Ref. 20 (Eq. 31b).
As is seen from (7) the flux shift is a complicated function of the bias current and the parameters of asymmetry. The dependance on SQUID inductance L is hidden in the second term in (7) . Due to the relation α = πβΓ this term can be written as ρiβ/2, which is equivalent to the expression found for the flux shift in the limit of a large bias current i 24 . It is worth noting that for i > 0 the voltage-flux curve is shifted to the negative side of the flux (∆Φ X < 0) relative to a symmetric voltage-flux curve, while for the reversed bias (i < 0) the voltage-flux curve is shifted to the positive side of the flux (∆Φ X > 0).
C. Transfer function of asymmetric SQUID
As is known, the shape of experimental VFC is not symmetric 
The explicit analytical expressions for the quantities g + (Γβ) and f + (γ, β) for limited range of parameters Γ and β (Γβ < 1, β < 5) have been given in Ref. 17 .
III. EXPERIMENTAL
High-TC DC SQUID preparation and characterization
The principal layout of an asymmetric high-T C DC SQUID is shown in line, which was used to inject a DC current I inj into the SQUIDs. Figure 3 shows a photograph of three SQUIDs connected that way.
The SQUIDs were fabricated using a standard thinfilm technology, which was described in detail in Ref. 25 . Using laser ablation, a 140 nm thick YBCO film is deposited onto a 24 0 MgO bicrystal substrate with 10 mm x 10 mm x 1 mm dimension. On top of the non-structured YBCO film a 100 nm thick gold layer was deposited by thermal evaporation and subsequently structured by liftoff. Finally, the YBCO layer was patterned using standard e-beam lithography and ion-beam-etching. As already shown in 25 , Josephson junctions with widths down to 0.4 µm show no degradation in critical current density. In addition, the chip was covered by a Teflon layer which protected it from water during thermo cycling 26 . Then the SQUID chip was glued on a non-metallic holder with a wire-wound coil beneath, which was used to apply magnetic flux to the SQUIDs.
All measurements were performed in liquid nitrogen at 77 K in a well shielded environment. First, for every SQUID we have measured its voltage-current (VCC) and voltage-flux (VFC) characteristics. Second, one of the two junctions in the loop was measured directly. For that after all the measurements at the SQUIDs have been performed, all SQUID loops have been cut to allow the independent measurements of the characteristics of one junction per SQUID. To do that the right superconducting arm of every SQUID loop was removed by additional optical lithography and chemical etching. This allowed to measure the critical current and normal resistance of the Josephson junction in the remaining arm of the SQUID. Therefore, we determined for the first time independently and directly the current density and resistivity for every junction in the interferometer loop which allowed us to investigate their influence on the SQUID characteristics.
SQUID characteristics
The first group of measurements concerned the characterization and classification of the SQUIDs. All these parameters are listed in Table I .
Within the groups (S, M, L) the junction sizes w 1 and w 2 are varied between 0.4 and 1.2 µm, yielding the geometrical asymmetry α g . Here, the junction widths are layout parameters. The resulting SQUID inductance L was actually determined, however. This was done in the following way.
The injection current I inj flows around the upper part of the SQUID loop (see Fig. 2 ). This coupling part of the SQUID has an inductance of L c which can be measured, because the injection current produces a magnetic flux Φ c =L c I inj in the SQUID loop. The measured voltage- flux characteristics is periodical in Φ 0 , what gives the needed assignment between measured flux and injected current. Thus, the coupling inductance can be determined. In the next step, the coupling inductance was calculated with an algorithm described in 27 , which takes into account geometrical and kinetic inductance as well. The London penetration depth λ L of the high-T c film acts as a fitting parameter to meet the measured coupling inductance. This λ L could be determined very consistently to (462 ± 11) nm for all the 20 SQUIDs. Now, using this known London penetration depth, the whole SQUID inductance could be reliably calculated in the same way.
The normal resistance of the SQUIDs, R SQ was determined from the steepness of the resistive part of VCC at large currents (I > 10 I SQ ). Now, knowing the normal resistance of the SQUID, its critical current I SQ can be assessed. The direct extraction from the experimental VCC is difficult due to the large level of thermal noise, which gives strong rounding of the curves. To get access to the noise-free intrinsic critical current of the SQUID, a set of theoretical VCCs is calculated, which were obtained from an analytical solution of the SQUID equations in the small inductance limit 28 (see Fig. 4 ). In comparison to this set of theoretical VCCs (current normalized to I SQ vs. voltage normalized to the I SQ R SQ product) the experimental VCC is plotted. Because R SQ is known, the noise-free critical current I SQ can be tuned until the experimental curve fits well to any of the theoretical ones.
The maximum voltage modulation ∆V max and the bias current I max needed for that voltage swing could directly be taken from the measurement of the voltage-flux characteristics.
At the bias current I max , which gave the maximum swing of the VFC (both shown in Table I ), the next SQUID parameters were measured. They are presented in Table II . The transfer functions V ± Φ represents the maximum steepness of VFC at their left (+) and right (-) sides. As VFC is a Φ 0 periodic function, a unique determination of the actual shift ∆Φ max , which is given in the second column of Table II , is not, in general, possible. Below in Section IVB we describe in detail a reasonable procedure which relates ∆Φ max with ∆Φ meas defined as the distance between the first extremums of VFCs relative to zero flux (I coil = 0, see Fig. 5 ).
The asymmetry parameters of the SQUIDs are given in Table III .
Unlike the method of Ref. 17 , where the asymmetry of the critical current was assessed indirectly from the flux shift of the VFC, we determined the asymmetry parameters by a direct measurement of critical current and resistance of one of the two junctions in the SQUIDs. This got possible due to the opening of one superconducting arm of every SQUID loop.
The first parameters given in Table III , the critical current I C and resistance R are average junction values for the SQUID as defined in (1), (2) . They differ from the SQUID values given in Table I by a factor of 2. For a symmetric SQUID these are just the values of each of the two junctions. The quantities I 2 and R 2 are critical current and resistance of the second junction which remained for the measurement after the SQUID loop had Table I , where maximum swing ∆Vmax is provided; ∆Φmax is the flux shift of the VFC under reversal of Imax; V ± Φ represents the maximum steepness of the VFC at their left (+) and right (-) sides; ∆Vmax/R is the maximum voltage swing related to the average junction resistance (see Table III been cut. Using all these data, we obtain the bulk asymmetries γ and ρ using equations (1) and (2), and, finally, with the aid of equations (4), the intrinsic asymmetries α j and α ρ . So, for the first time the asymmetry parameters of the current density and resistivity of the junctions in high T C DC SQUIDs were determined independently and directly. Before we discuss the influence of junction asymmetry on the output SQUID characteristics we should like to show to what extent our high T C Josephson junctions obey the scaling law I C R ≈ j 1/2 c 21 . In this case the parameters α j and α ρ are interrelated to each other by Eqs. 5 17 . A theoretical dependance of α j on α ρ (second of Eqs. 5) for this scaling law together with experimental points is shown in Fig. 6 . As is seen from this figure most of the experimental points are grouped over the theoretical curve. Therefore, we may conclude that our high T C Josephson junctions are described by the aforementioned scaling law with a good accuracy.
IV. DISCUSSION
A. The depth of the voltage modulation
In general, the increase of the SQUID inductance leads to a decrease of the voltage swing of VFC 1 . This is illus- trated in Fig. 7 where the voltage modulation ∆V max /R is shown as a function of the junction critical current. As is seen from the figure the SQUIDs are grouped by their inductance near corresponding lines obtained from the expression of Enpuku 29 .
We also investigated the dependance of the maximum voltage modulation on the asymmetry parameters of the DC SQUID (see Figs. 8 and 9 ). We have found that for M-and L-SQUIDs the influence of junction asymmetry on the voltage modulation is weaker than that for small inductance SQUIDs. For S SQUIDs there is appreciable scattering of ∆V max versus γ and ρ.
B. Flux shift
As is known the asymmetry of the SQUID junctions results in a flux shift of the VFC under bias reversal. Here we determine the flux shift as the sum of the shifts of two VFCs, one for I = +I max and the other for I = −I max , relative to the zero flux point (I coil = 0 in Fig.  5 ). Here the subscript "max" means the bias current which provides maximum swing of the VFC. Since the VFC is Φ 0 periodic, the flux shift can be determined with an accuracy 2nΦ 0 , where n is an integer. Thus the minimum uncertainty of the determination of the flux shift for asymmetrical SQUIDs is 2Φ 0 .
In an ideal case when there is no parasitic trapped flux in the loop, both VFCs are shifted symmetrically by the same amount ∆Φ sym in opposite directions with respect to zero flux point. In this case the overall flux shift is calculated as a sum of both shifts, ∆Φ = 2∆Φ sym . However, in our cases the shift of two VFCs is not sym- metric with respect to zero point (see Fig. 5 ). The reason for this is the parasitic flux Φ p trapped in a loop. This flux does not change its sign under bias reversal, hence the flux shifts are as follows: ∆Φ − = ∆Φ sym + Φ p , ∆Φ + = −∆Φ sym +Φ p , where ∆Φ − is the flux shift for the VFC for reversed bias current (I = −I max ), and ∆Φ + is the same quantity for the unreversed VFC (I = +I max ). Thus, the parasitic flux disappears from the overall flux shift ∆Φ = ∆Φ − − ∆Φ + = 2∆Φ sym . The application of this simple formula requires precise knowledge of the corresponding extremums of the VFCs shifted by a parasitic flux. In other words, we must know these two extremum points on both VFCs whose distance provides us with the overall flux shift. However, since VFC is Φ 0 periodic, it is not possible to definitely determine these two points. Therefore, a single valued determination of the flux shift requires some additional information.
The procedure we used for the unique determination of the actual flux shift, ∆Φ act was performed in three steps. First, we measured the flux shift ∆Φ meas between the nearest extremum points of VFCs with respect to the zero flux point. Second, by using expression (7) we calculated for a given SQUID a theoretical value of the flux shift ∆Φ theor . Finally, the actual flux shift ∆Φ act was determined by subtracting from (or adding to) ∆Φ meas the integer number of flux quanta nΦ 0 (n = 0, ±1, ±2, etc.) which gave the flux shift nearest to the theoretical value ∆Φ theor .
The illustration of our method is presented in Table  IV . The values of actual flux shift from the last column of this table are given as ∆Φ max in the second column of Table II .
We want to stress here that in our method the theoretical estimations of the flux shift were used only as a guide for the determination of the actual flux shift caused by the predetermined asymmetry. This differs from many other papers on the subject (see, for example, Ref. 17) where theoretical expression (6) itself has been used for the determination of asymmetry parameters. In this latter case there are not any means which allow a unique discrimination between the unshifted curve and the curve shifted by a parasitic flux. The dependance of experimental flux shift (second column in Table II ) on current asymmetry γ and resistance asymmetry ρ is given in Figs. 10 and 11 . Also we show on these graphs the theoretical points (star symbols) which were calculated from Eq. (7) by using the measured values of γ and ρ. As is seen from these graphs, the equation (7) is a good approximation for the measured flux shift. The experimental points for the flux shift can be approximated by least mean square fits which are as follows: ∆Φ max /Φ 0 = 1.89γ − 0.03 for Fig. 10 and ∆Φ max /Φ 0 = 2.24ρ + 0.12 for Fig. 11 .
C. Transfer function
For every SQUID the transfer functions V ± Φ were measured (see Table II ) and their dependance on different SQUID parameters was investigated. The dependance of V ± Φ on the loop inductance L is shown in Fig. 12 . We also show on this plot the transfer function for a symmetric shape of the VFC by using the relation V Φ = π∆V /Φ 0 with ∆V being taken from Table I . It is seen that, in general, the increase of inductance results in a decrease of both the transfer functions and the scattering for the transfer function values. The largest scattering is observed for S SQUIDs. Another conclusion is that as the SQUID inductance is increased the shape of VFC becomes more symmetric: the transfer function for symmetric shape becomes closer to the measured transfer functions V ± Φ . As a measure of the shape asymmetry of VFC we introduce the quantity |V simulations. The results are shown in Fig. 17 . Again, the strongest deviation of experimental points from theoretical ones is observed for S SQUIDs (only SQUID #7 is an exception).
V. CONCLUSION
The main purpose of the study was the experimental investigation of the influence of the junction asymmetries on the SQUID output characteristics (depth of modulation, flux shift, transfer function). To this end we directly measured the current and resistance asymmetry of the junctions in every of 20 investigated SQUIDs. It turned out that the values of current and resistance asymmetry (α j and α ρ ) were randomly distributed over a chip without noticeable correlation either with SQUID inductance or critical current. Even for geometrically symmetric SQUIDs (we had 9 such SQUIDs) there was a significant asymmetry in critical current and resistance. Nevertheless we achieved definite conclusions about the influence of the junction asymmetry on the SQUID output characteristics.
The dependance of the depth of modulation ∆V and the transfer functions V ± Φ on the junction asymmetry is appreciable only for low inductance SQUIDs (see Figs. 8, 9, 15, 16) . For large inductances this dependance is rather weak which is in accordance with a small distortion of the shape of VFC for these SQUIDs (see Table I. 13). Therefore, we may conclude that, in general, both the voltage modulation and the transfer function are not very sensitive to the junctions asymmetry. However, for SQUIDs with a relatively small inductance L < 70 pH the dependance on asymmetry is more significant, the shape of VFC is more distorted and the transfer functions are well above the corresponding values for large inductance SQUIDs.
As was expected, the flux shift of the VFC is more sensitive to the junction asymmetry than the depth of modulation or transfer functions. The dependance of the flux shift on γ and ρ is approximately linear and it is well described by the analytical model (Figs. 10, 11) .
The results obtained in the paper are important for the implementation in the sensitive instruments based on high T C SQUID arrays and gratings.
